Characterization
To characterize the samples XAS measurements were performed at the S K edge for CdS and the Se L edge for CdSe. Results are shown in Fig. 1 . These spectra are similar to previously published results for these materials.
10-11 XAS measurements using TEY detection are surface sensitive (~top 10 nm). These results indicate that there is no significant anion oxidation in the surface region.
Time-gated luminescence spectra, taken with 900 eV x-rays are shown in Fig. 2 .
Ungated spectra, as well as those taken with short (0-10 ns) and long (20-120 ns) time gates are displayed. For CdS ( Fig. 2(a) ) there is a short lifetime, near band gap (NBG) peak located at 2.54 eV and longer lived defect structure found between 2.2 -2.5 and 1.4 -2.1 eV. These peaks have been assigned to exciton emission, donor-acceptor pair (DAP) transitions, and a vacancy-type, self-activated deflect complex, respectively. 12 The short lived NBG emission for CdSe ( Fig. 2(b) ) lies at 1.82 eV and defect structure with a mixture of short and long lived components is evident between 1.4 -1.77 eV. The high energy peak has been assigned to an exciton bound to an ionized donor, while the structure in the 1.6 -1.77 eV region is due to donor-acceptor- Since the bunch spacing of the x-ray pulses is 153 ns these background levels may indicate the presence of very long lived components (>1000 ns).
X-ray energy dependent luminescence
Luminescence spectra taken at 600 eV and 1410 eV are shown in Fig. 3 . The spectra are scaled so that the maximum intensity is 1 at both energies. For CdS ( Fig. 3(a) ) the main difference is that the defect structure between 1.4 and 2.1 eV becomes enhanced at the lower energy. More dramatic changes are seen in the case of CdSe (Fig. 3(b) ).
At 1410 eV the main structure is the NBG peak at 1.82 eV and broader structure between 1.5 -1.78 eV. At 600 eV structure between 1.4 -1.7 eV dominates the spectrum. To better characterize the evolution of these features, spectra were taken at 30 eV intervals, starting at 600 eV. The results are shown in the image plots in Fig. 4(a) for CdS and 4(b) for CdSe (note the scale difference between the left and right sides of D r a f t 6 the images). For both samples, the lower energy, deeper-lying defects have an x-ray energy dependence showing a significant enhancement at lower x-ray energies as compared to the higher-energy luminescence.
Discussion
The x-ray energy dependence of the luminescent yields results from the materialdependent attenuation length of x-rays. In the absence of significant reabsorption of the emitted photon and reflectivity, the energy (depth) dependent yield,
given by the following expression:
where S is the energy transfer efficiency; Q is the quantum yield; PL(E x ) is the angle and energy dependent x-ray penetration length; E x /E e is the number of electron-hole pairs created per x-ray photon, where E x is the x-ray energy and E e is the average energy required to create an e-h pair; and d is the material thickness. 1, 20 For thick samples d >> PL(E x ) for all E x and the exponential term vanishes, so
and the yield should simply be proportional to E x .
For semiconductors the effect of the depletion layer must be considered. A "dead layer" results because electron-hole pairs photoexcited in this region have a reduced density of carriers for radiative recombination, and thus an increased lifetime, enhancing the probability of nonradiative recombination. [21] [22] [23] An D r a f t 7 additional factor stems from band bending which can cause bulk states to become depopulated in the depletion region. [24] [25] [26] To account for the effects of the "dead layer" equation (2) is modified to:
where DL is the width of the dead layer.
To utilize this model the individual components of the luminescence were extracted using curve fitting techniques. The data were modeled with the minimum number of
Gaussian peaks that produced a reasonable fit throughout the entire x-ray energy range. For CdS 10 components were required while for CdSe the number was 8.
Results of the fitting process for 900 eV x-rays are shown in Tables 1 and 2 . Since the data were normalized using the photoyield signal from a gold mesh a correction was made for its energy dependence using previously published results. 28 It is interesting to note that in the long (20 -120 ns) time-
have shown to be ~300 nm for CdS and 200 nm for CdSe. [29] [30] Tables 1 and 2 
D r a f t
It is possible that band flattening could occur as a result of excess carriers being created by the exciting x-rays as has been observed in previous work utilizing electrons or lasers. However, the maximum flux of x-rays used in the present work only resulted in power densities of ~10 mW/cm 2 , so band flattening should not be a factor.
Examination of the fitted data in Figs. S1 and S2 reveals that some of the results match the simulation better than others. This is not surprising. Although every effort was made to effectively fit the spectral data shown in Fig. 5 with the optimum components, it is not certain that these components accurately depict the transitions leading to the luminescence. In addition the defect population in the surface region is often greater than the bulk, 2-3 and it was not possible to include this factor in the modeling without making unwarranted assumptions. For CdS a broad transition centered at 1.7 eV has previously been identified with surface states. 32 This could account for the poor agreement with the model for the 1.70 eV and 1.46 eV transitions in Table 1 . Similarly in CdSe previous work has indicated that many deep levels are associated with surface states, 33 which would explain the poor modeling behavior for the levels at 1.64 eV and lower energies. Another possibility is that these states only become populated after conversion from states that were populated in the flat band region and who become ionized in the depletion region, as was observed in studies of ZnO. [25] [26] To summarize, we have measured the x-ray energy (depth) dependence of the luminescence from single crystal CdS and CdSe. The results were interpreted in terms D r a f t D r a f t The dashes indicate that the fitting error was larger than the fitted value. 
